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The waveform capture (WFC) instrument is one of the subsystems of the Lunar Radar Sounder (LRS) on board
the SELENE spacecraft. By taking advantage of a moon orbiter, the WFC is expected to measure plasma waves
and radio emissions that are generated around the moon and/or that originated from the sun and from the earth
and other planets. It is a high-performance and multifunctional software receiver in which most functions are
realized by the onboard software implemented in a digital signal processor (DSP). The WFC consists of a fast-
sweep frequency analyzer (WFC-H) covering the frequency range from 1 kHz to 1 MHz and a waveform receiver
(WFC-L) in the frequency range from 10 Hz to 100 kHz. By introducing the hybrid IC called PDC in the WFC-H,
we created a spectral analyzer with a very high time and frequency resolution. In addition, new techniques such
as digital ﬁltering, automatic ﬁlter selection, and data compression are implemented for data processing of the
WFC-L to extract the important data adequately under the severe restriction of total amount of telemetry data.
Because of the ﬂexibility of the instruments, various kinds of observation modes can be achieved, and we expect
the WFC to generate many interesting data.
Key words: The SELENE project, waveform capture (WFC), software receiver, lunar wake, plasma wave, radio
emission.
1. Introduction
The SELENE project is the ﬁrst Japanese lunar explo-
ration mission. The craft will explore the surface distribu-
tion of elements and minerals, surface and subsurface struc-
tures of the moon, the gravitational ﬁeld, the magnetic ﬁeld,
and energy particles originating from the moon, as well as
from solar/interplanetary space (SELENE Project, 2007).
The SELENE spacecraft consists of the main orbiter and
two small orbiters. The Lunar Radar Sounder (LRS) is one
of the scientiﬁc instruments on board the SELENE main
orbiter (Ono et al., 2008). The LRS consists of three sub-
systems: the sounder observation (SDR), the natural plasma
wave receiver (NPW), and the waveform capture (WFC). A
main objective of the SDR is to investigate the surface and
subsurface structures of the moon using an HF radar tech-
nique, and the NPW and the WFC are designed to measure
natural plasma waves around the moon and in interplane-
tary space originating from the sun, from the earth, and
from other planets. The NPW covers the frequency range
from 20 kHz to 30 MHz, and the WFC covers the lower
frequency range from 100 Hz to 1 MHz.
The WFC is a software receiver (Hashimoto et al., 2003)
in which most of the functions are realized by a digital
signal processor (DSP) and programmable down convert-
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ers (PDC) implemented on the WFC board. The amount
of raw data from the plasma wave instrument is huge be-
cause the scientiﬁc objectives require the covering of a wide
frequency range with high time and frequency resolution;
furthermore, a variety of operation modes are needed to
meet these scientiﬁc objectives. It is quite difﬁcult to sat-
isfy these requirements with only analogue circuits because
of the severe restrictions of power consumption, weight,
and size of the instruments. Digital signal processing on-
board the spacecraft is useful for the plasma wave measure-
ments because a variety of operational modes can be im-
plemented in the DSP’s onboard software without changing
the hardware conﬁguration. This kind of digital receiver
was designed, for example, for the low-frequency receiver
(LFA) on board the NOZOMI spacecraft (Matsumoto et al.,
1998). This technique was further developed for the plasma
wave analyzer (PWA) for the SS-520-2 rocket experiment
(Hashimoto et al., 2003). In the development process of
the onboard software for the WFC onboard the SELENE
spacecraft, we have additionally implemented several tech-
niques of digital signal processing to extract important data
for each scientiﬁc objective by adequately changing the ob-
servation mode and reducing the total amount of telemetry
data. In the present paper, we introduce an overview of the
WFC onboard the SELENE spacecraft.
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2. Scientiﬁc Objectives
The WFC on board SELENE observes plasma waves
from 100 Hz to 1 MHz at about 60 of earth’s radii (RE)
in the solar wind, in the magnetosphere, and sometimes in
the lunar wake. Joint observations with other spacecraft
also play an important role. The scientiﬁc objectives of the
WFC are roughly fall into two categories: 1) lunar science
and 2) extra-lunar science. The former is the science of the
plasma physics related to the moon itself. The latter is the
science of the plasma and radio waves originating from the
sun and the earth and other planets, taking advantage of a
moon orbiter.
As for science on the moon, one of the phenomena of
most interest to be obtained from the WFC data is the dy-
namics of lunar wake as a result of solar wind-moon interac-
tion. Many new systematic wake observations are expected,
even though there have been several reports on plasma wave
observations related to the lunar wake during ﬂybys. The
WIND spacecraft passed through the solar wind wake of
the moon at a distance of ∼6.8 lunar radii (RL). Kellogg et
al. (1996) introduced several different wave modes. They
showed that the frequency of locally generated Langmuir
waves fell to 4 kHz, which was the lower frequency limit of
the TNR (Bougeret et al., 1995) onboard WIND, because of
the lunar wake vacuum, but the frequency ﬂuctuated consid-
erably, suggesting turbulence of the wake boundary. Kel-
logg et al. (1996) also showed a descending tone in the
frequency range of 100 to 50 Hz obtained from the search
coils onboard WIND. This wave was identiﬁed as a whistler
mode signal in the wake region. WIND observed other in-
teresting waves both inside and outside the wake that were
not certainly indentiﬁable with modes of a uniform plasma,
and it is suggested that these waves are associated with den-
sity discontinuity and a velocity shear at the boundary of the
wake (Kellogg et al., 1996). Farrell et al. (1997) demon-
strated that ion beams generated by an ambipolar electric
ﬁeld near the wake ﬂanks are capable of generating broad-
band electrostatic noise that was observed in the frequency
range of up to 6 kHz by measured by WIND.
While WIND crossed the lunar wake at a distance of
∼ 6.8RL, SELENE will orbit the moon at an altitude of
100 km, and the encounter with the lunar wake will fre-
quently occur in a region much closer to the moon. The na-
ture of the plasma wave caused by the lunar wake at such a
low-altitude region is not known at all. As for the theoretical
study or computer simulation on the lunar wake, Tra´vnı´cˇek
et al. (2005) studied the structure and properties of the lunar
wake using two-dimensional global hybrid simulations and
suggested that the downstream region of the lunar wake is
dominated by electromagnetic turbulence with frequencies
near the local proton gyrofrequency for given solar wind
conditions. But their interest in the work was mainly on the
global structure of the lunar wake in the scale length of a
few tens of RL, and the detailed structure of the lunar wake
near the moon was not discussed.
Another scientiﬁc topic in the ﬁeld of lunar plasma
physics concerns the minimagnetosphere caused by the
magnetic anomaly of the moon. The moon is basically
known as a nonmagnetic satellite, but there are several re-
gions in which relatively strong magnetic anomalies exist.
For example, Kurata et al. (2005) suggested the presence
of a minimagnetosphere over the Reiner Gamma magnetic
anomaly (RGA) region on the moon. They estimated the
vertical size of the minimagnetosphere to be about 30 km or
more. Kuncic et al. (2004) proposed a model for radio emis-
sions associated with the minimagnetosphere on the moon
and predicted that fp and 2 fp emissions are radiated in the
foreshock region of a shock front associated with the mini-
magnetosphere on the lunar surface.
Apart from the wave phenomena related to the solar
wind-moon interaction, there are various kinds of plasma
waves to be observed from the moon. In the history of
Japanese scientiﬁc spacecraft, the GEOTAIL mission is
one of the most important projects investigating the phe-
nomena in the earth’s magnetosphere, by which so many
new ﬁndings and paradigms were introduced by combin-
ing observation, computer simulations and theoretical stud-
ies. The WFC onboard SELENE is expected to clar-
ify the detailed features of the wave phenomena observed
by PWI instruments (Matsumoto et al., 1994a) on board
the GEOTAIL spacecraft, such as Auroral Kilometric Ra-
diation (AKR) (Murata et al., 1997; Hashimoto et al.,
1998), nonthermal continuum and kilometric continuum
(KC) (Hashimoto et al., 1999, 2005, 2006), continuum
enhancement (Kasaba et al., 1998), low-frequency bursts
(Anderson et al., 1997), electrostatic solitary wave (ESW)
(Matsumoto et al., 1994b), narrowband electrostatic noise
(NEN) (Kojima et al., 2001), fp and 2 fp emissions (Kasaba
et al., 2000), and solar radio emissions (Kasahara et al.,
2001), among others. Emissions with frequencies higher
than the maximum plasma frequency of the magnetosheath
(about 30 kHz), such as AKR, KC, and continuum enhance-
ment, and type II and III solar bursts are observed both in-
side and outside the magnetosphere. The lower frequency
emissions, such as ESW or NEN, cannot go through the
magnetosheath. ESW was also observed in the solar wind
by WIND (Mangeney et al., 1999). The nonthermal con-
tinuum has both trapped and untrapped components. The
low-frequency bursts are much affected near the solar wind
plasma frequency. Although there was a trial to observe Jo-
vian emissions under the terrestrial emissions by the GEO-
TAIL spacecraft (Kasaba et al., 1996), SELENE is expected
to observe planetary emissions when terrestrial emissions
are blocked by the moon.
3. Design of the WFC Instrument
3.1 Electrical design
Figure 1 shows a block diagram of the WFC. It mea-
sures two components of electric wave signals detected by
the two orthogonal 30 m tip-to-tip antennas. The signals
detected by these antennas are passed through the pream-
pliﬁers, which are commonly used with the other LRS sub-
systems, and fed into the main electronics of the WFC. The
main electronics of the WFC consist of two boards; one is
used for the analogue circuits, and the other for digital cir-
cuits. The size of each board is ISO A4. Power consump-
tion of the WFC main electronics is 12.2∼13.3 W, depend-
ing on the operation mode. The detailed physical and elec-
trical properties of the LRS system are described by Ono
et al. (2008). Because SELENE is three-axes stabilized, it
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Fig. 1. A block diagram of the WFC.
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Fig. 2. A detailed block diagram of the WFC analogue board.
is important to measure the phase difference of the signals
measured by the two pairs of antennas to determine the po-
larization of the wave. Therefore, the WFC is designed to
obtain the exact timing of the wave signals to determine the
precise phase difference between the two pairs.
The main electronic components of the WFC consist of
two kinds of passive receivers named WFC-H and WFC-L.
The WFC-H is a fast-sweep frequency analyzer covering
the frequency range from 1 kHz to 1 MHz. The WFC-L
measures waveforms in the frequency range from 10 Hz to
100 kHz. As shown in Fig. 1, the WFC has ﬁve channels
of signal input module; two are for the WFC-H (WFC-H-
X and WFC-H-Y), and the other three are for the WFC-L
(WFC-L-X, WFC-L-Y1 and WFC-L-Y2). The signals fed
to these ﬁve channels are passed through low-pass ﬁlters
(LPF) and high-pass ﬁlters (HPF) and are independently
converted to digital signals by the ADCs (analog-digital
converters). On board the WFC, the AD9260, which is a 16-
bit, high-speed oversampled ADC (Analog Devices, 2000),
is adopted for these ﬁve ADCs.
Figure 2 shows a detailed block diagram of the analogue
circuits of the WFC. The signals from a pair of antennas
named ANT1 and ANT3 are ﬁrst passed through a dif-
ferential ampliﬁer and separated into the WFC-H-X and
WFC-L-X signals. The signal for the WFC-H-X is then
passed through an HPF and an LPF with cutoff frequencies
of 1 kHz and 1 MHz. There are three optional LPFs and
three optional HPFs. The cutoff frequencies of the LPFs
are 70 kHz, 370 kHz, and 670 kHz, and those of the HPFs
are 230 kHz, 530 kHz, and 830 kHz, respectively. These
ﬁlters can be assigned as “ﬁlter” or “through” by command,
and thus the signal for the speciﬁed frequency band can be
passed depending on the combination of these ﬁlters. If we
set the modes of all ﬁlters as “through”, the signal with a
frequency range from 1 kHz to 1 MHz is then all passed
through into the latter part of the circuits. In the last part of
the circuits, two taps of gain ampliﬁer are equipped, and we
can select the gain of the signal from among 0 dB, 20 dB,
and 40 dB.
The signal is then fed to the ADCs and oversampled at a
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Fig. 3. A block diagram of the programmable down converter (PDC).
frequency of 20 MHz. The attenuation of the 1 MHz LPF
in the ADC at frequencies higher than 10 MHz is more than
70 dB. The output word rate ( fs) is 2.5 MHz (8x oversam-
pling) and fed to the PDC. The PDC converts the signal
frequency f to f − fc, where fc is the local frequency and
is swept, and a certain frequency range in the base band
is Fourier analyzed. A detailed description is given in Sec-
tions 3.2 and 4.2. This system makes spectrum analysis pos-
sible in high time and frequency resolution. The optional
LPFs and HPFs introduced above are prepared to avoid in-
terference in the interested band during the sweep. The cir-
cuits for WFC-H-Y, which measures differential signal be-
tween another pair of antennas named ANT2 and ANT4,
are the same as the ones for WFC-H-X.
On the other hand, there are three channels for the WFC-
L: WFC-L-X, WFC-L-Y1, and WFC-L-Y2. The signal fed
to WFC-L-X is the differential signal between ANT1 and
ANT3. As shown in Fig. 2, WFC-L-Y1 has two operation
modes: differential and interferometry. In the former mode,
the differential signal between ANT2 and ANT4 is fed to
WFC-L-Y1. In the latter mode, we use ANT2 and ANT4 as
a pair of monopole antennas. The signal from ANT2 is fed
to WFC-L-Y1, and that from ANT4 is fed to WFC-L-Y2.
This mode is dedicated to measuring the phase velocities
and wave numbers of the observed plasma waves.
Each signal is then passed through an HPF and an LPF
with their cutoff frequencies of 100 Hz and 100 kHz. Since
the 100 Hz HPF is a ﬁrst-order RC ﬁlter and the intensities
of low-frequency emissions increase inversely proportional
to frequencies, the observable lowest frequency is virtually
much lower. The signal is ampliﬁed by 0 dB, 20 dB, or
40 dB with the two taps of gain ampliﬁer, then 8x oversam-
pled by the ADC with 2 MHz or 1 MHz. The waveform
in the frequency range below 100 kHz with fs = 250 kHz
or 50 kHz with fs = 125 kHz is easily switched over by
changing the clock frequency of the ADC by command. At
1 MHz sampling, the WFC-L covers the frequency range
below 50 kHz, and the attenuation of the 100 kHz LPF at
frequencies higher than 0.95 MHz is more than 70 dB to
suppress the aliasing from 0.95 to 1.05 MHz.
3.2 Onboard data processing
The signals digitized by the ADCs are processed by the
PDCs and the DSP in the digital circuits of the WFC sub-
system and sent to the onboard computer (OBC) through
a DPRAM (Dual-Port RAM). As a DSP onboard the
WFC, the SMJ320C31 (Texas Instruments, 2006) has been
adopted. The OBC manages the whole operation of the
LRS, and the WFC data submitted to the OBC are edited
with the other subsystems of the LRS and sent to ground
through the satellite telemetry. Because the telemetry bud-
get is restricted compared to the amount of raw data, we
need to process the raw data and reduce the amount of mis-
sion data to be sent to the ground by the DSP.
To perform spectral analysis with very high time and fre-
quency resolution, the WFC-H has two hybrid ICs called
PDCs (Programmable Down Converters). As was described
in Introduction, it is quite difﬁcult to construct a high-
performance spectral analyzer with only analogue circuits
because of the severe restrictions of power consumption,
weight, and size of instruments. Conventional systems,
such as GEOTAIL, use a multichannel analyzer (MCA)
for higher time resolution with lower frequency resolution
and a sweep frequency analyzer (SFA) for higher frequency
resolution with lower time resolution (Matsumoto et al.,
1994a). On the other hand, the computation load of the
signal processing is still too heavy, even though we adopt
the DSP if we process the digital signals directly from the
ADCs with an output word rate of 2.5 MHz. The PDCs are
used for converting the wide band input signals from anten-
nas at a 2.5 MHz word rate into narrow band signals and for
down-sampling the data. The HSP50214BVI (Intersil Cor-
poration, 2000) has been adopted as a PDC in the WFC-H.
The block diagram of the PDC is shown in Fig. 3. Note
that the input interface for the PDC is 14 bits in spite of the
16-bit resolution of the ADC, and the lower 2 bits of the
output from the ADC are dismissed. The signal fed into the
PDC is down-converted by digital mixers and a quadrature
numerical controlled oscillator (NCO), and ﬁltered and dec-
imated by the following three decimation ﬁlters: cascaded
integrator-comb (CIC), half-band (HB), and ﬁnite-impulse
response (FIR). The PDCs are controlled by the DSP soft-
ware, and the parameters used for the PDCs, such as fre-
quency of the NCO, decimation rate, and bandwidth of the
decimation ﬁlters, can be quickly changed. We can then
get the in-phase and quadrature components of the down-
sampled data from the PDC. The output data from the PDC
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Table 1. Frequency bands and frequency resolutions of the WFC-H.
(a) L-mode
Band No. Freq. band [kHz]  f [Hz]
0 0.00 ∼ 9.77 38.2
(b) H-mode
Band No. Freq. band [kHz]  f [kHz]
0 0.00 ∼ 39.06 0.305
1 39.06 ∼ 78.13 0.305
2 78.13 ∼117.19 1.22
3 117.19 ∼156.25 2.44
4 156.25 ∼195.31 4.88
5 195.31 ∼234.38 4.88
6 234.38 ∼273.44 4.88
7 273.44 ∼312.50 4.88
8 312.50 ∼351.56 4.88
9 351.56 ∼390.63 4.88
10 390.63 ∼429.69 4.88
11 429.69 ∼468.75 4.88
12 468.75 ∼507.81 4.88
Band No. Freq. band [kHz]  f [kHz]
13 507.81 ∼ 546.88 4.88
14 546.88 ∼ 585.94 4.88
15 585.94 ∼ 625.00 4.88
16 625.00 ∼ 664.06 4.88
17 664.06 ∼ 703.13 4.88
18 703.13 ∼ 742.19 4.88
19 742.19 ∼ 781.25 4.88
20 781.25 ∼ 820.31 4.88
21 820.31 ∼ 859.38 4.88
22 859.38 ∼ 898.44 4.88
23 898.44 ∼ 937.50 4.88
24 937.50 ∼ 976.56 4.88
25 976.56 ∼1015.63 4.88
is converted into the spectral data by the DSP, using the
FFT. Thus, a digital sweep frequency analyzer with very
high time and frequency resolution can be realized. This
technique was ﬁrst implemented for the HF receiver in the
PWA onboard the SS-520-2 rocket experiment (Hashimoto
et al., 2003). The HF receiver onboard the SS-520-2 rocket
experiment measured only 1 component of the electric ﬁeld.
We developed the onboard software of the WFC based on
the one implemented in the PWA onboard the SS-520-2, es-
pecially for the function of a synchronization of the two
PDCs because we need to determine the polarization of
the wave measuring the phase difference between X and Y
components.
On the other hand, the digitized data from three ADCs
for the WFC-L are fed to the FIFOs (First-In, First-Out),
and the DSP directly refers the data stored in the FIFOs. To
determine the exact timing of the observation, the FIFO has
18-bit resolution; 16 bits are used for input data from the
ADC, and the other 2 are used for the status ﬂags to detect
the exact timing of A/D conversion. One status ﬂag is used
to synchronize with the pulse signal (1 PPS) supplied from
a satellite system every second. Another ﬂag is used for
the discrimination of the transmission timing of the sounder
pulse. When the SDR is in operation, a sounder pulse
is transmitted every 50 ms, and the WFC is designed to
suspend its observation synchronizing with the timing of the
transmission for several ms to avoid interference from the
sounder pulse. Because of the interruption, the waveforms
fed to the FIFOs become discontinuous, and this status bit
stands for the interruption point of the waveform fed to the
FIFOs every 50 ms. The default interval of suspension
is currently set at 4.9 ms. This interval can be changed
by setting parameters by commands and will be optimized
in the phase of the ﬁrst checkout of the instruments after
launch. Even when the SDR is not in operation, this ﬂag
is still at work and ticks every 50 ms. Thanks to these two
status ﬂags, we can determine the accurate timing of the
data acquisition with its time resolution of less than 10 μs
in the data analysis on the ground.
4. Operation Modes
4.1 Data rates
Because of the restriction of the power consumption and
telemetry budget, available observation modes of the WFC
depend on the observation modes of the other LRS sub-
systems. The nominal data rate assigned to the LRS is
176 kbps, and 492 kbps are also available in the special
observation mode. In the 492 kbps mode, a detailed ob-
servation for the SDR or the NPW will be performed and
the WFC will be operated at the data rate of 4 kbps. In
the nominal data rate mode of 176 kbps, the data rate of
the WFC depends on the operation of the SDR. When the
SDR is not in operation, 160 kbps are assigned to the WFC;
when the SDR is in operation, 80 kbps are assigned to the
WFC. Since the SDR uses one of two pairs of antennas as
transmission antennas, another pair is available as receiv-
ing antennas. Therefore, the WFC usually uses one pair of
the receiving antennas under the operation of the SDR and
sends the data with a data rate of 80 kbps. Two pairs of an-
tennas are used when the data rate of 160 kbps are assigned
to the WFC.
Because the WFC is a software receiver, both the WFC-
H and WFC-L are operated with various kinds of observa-
tion modes controlled by the DSP software. For the pur-
pose of simplicity in the editing of the mission telemetry,
the telemetry data for the WFC-H and WFC-L are inde-
pendently packed into the mission packet. Because the
data amount of spectrum data from the WFC-H is much
smaller than that of waveform data from the WFC-L, the
mission data from the WFC-H are basically sent to the
ground continuously, even in a low-speed data rate mode
such as 4 kbps, as long as the WFC is operated. On the
other hand, the mission data from the WFC-L are nomi-
nally transported only in the high-speed data rate mode, that
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Fig. 4. (a) Composite response of the CIC, HB, and FIR ﬁlters inside the PDC below 500 kHz when the parameters of the PDC are set for the H-mode
observation. (b) The enlargement of Fig. 4(a) in the frequency range below 70 kHz.
is, if 80 or 160 kbps are assigned to the WFC. The packet
ratio between the WFC-L and WFC-H can be changed by
sending parameters to the onboard software of the WFC by
command. In the nominal operation, the packet ratio be-
tween the WFC-L and WFC-H is 8:2 in the 80 kbps or 160
kbps modes and 0:10 or 5:5 in the 4 kbps mode. In the case
of the 0:10-ratio in the 4 kbps mode, the mission packets
for the WFC-L are once stored in the memory of the OBC
and can be restored by a DUMP command in the high-speed
data rate mode.
4.2 WFC-H
To cover a wide frequency range with ﬁne time and fre-
quency resolution, the WFC-H has two kinds of sweep
mode, H and L. The frequency table is shown in Table 1. In
the H mode, the WFC-H sweeps a whole frequency range
up to 1 MHz with a frequency step of 39.06 kHz by chang-
ing the local frequency fc of NCO. The decimation rates
are set at 4, 2, and 4 in the CIC, HB, and FIR ﬁlters, re-
spectively. The composite response of these ﬁlters is shown
in Fig. 4. We extract the narrow band signal using this ﬁl-
ter response by setting the local frequency of the NCO at
fc = 19.53 + 39.06 × n kHz, where n is the band num-
ber of the WFC-H shown in Table 1. It is also noted that
less numbers of data are taken out from the PDC output
in the higher frequency band, and the frequency resolution
becomes coarser at a higher frequency range as shown in
Table 1 so as to reduce the amount of telemetry data. In the
L mode, two taps of HB ﬁlters are used in the PDC, and the
decimation rates are set at 8, 4, and 4 in the CIC, HBs, and
FIR ﬁlters, respectively. In this mode, the WFC-H covers a
frequency range below 9.77 kHz with frequency resolution
of 38.2 Hz. In the nominal operation, the H and L modes are
alternately operated within 1 second, and we can obtain the
spectrum data below 1 MHz with ﬁne time and frequency
resolution.
From the point of view of the telemetry format of the
WFC-H, there are three operation modes for the WFC-
H: WAVE, FFT, and PHASE. In the WAVE mode, the
down-sampled data, which are the raw output data from the
PDCs and consist of in-phase and quadrature components
of the signal, are directly packed into the mission data.
In the FFT mode, the spectrum data are processed with
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Table 2. The available duration of the continuous waveform of the WFC-L
to be stored in the SRAM.
No. of ch. Word rate ( fs) of ADC
125 kHz 250 kHz
1 ch : X / Y1 / Y2 6.0 s 3.0 s
2 ch : (X+Y1) / (Y1+Y2)∗ 3.0 s 1.5 s
3 ch : X+Y1+Y2 2.0 s 1.0 s
∗The combination of X+Y2 is also available as a function of the onboard
software, but X+Y1 using two pairs of dipole antennas or Y1+Y2 using a
pair of monopole antennas will be nominally used from a scientiﬁc point
of view.
the FFT by the onboard software, using the output data
from the PDCs, and the intensity at each frequency point is
transported to the ground. In this mode, the time resolution
becomes 4 times the WAVE mode instead of sacriﬁcing the
phase data. The PHASE mode is effective when the SDR
is not in operation and both components of X and Y are
simultaneously obtained. In this mode, the output data from
the two PDCs are processed with the FFT, and the intensity
and phase difference between X and Y components at each
frequency point is transported to the ground.
4.3 WFC-L
The WFC-L captures a few seconds of continuous wave-
forms intermittently. Because the data rate of the raw wave-
form data produced by the ADCs is far greater than the data
rate capacity of the telemetry, the waveform data are in-
termittently acquired by the following method. The wave-
form data taken from the FIFOs are stored in the SRAM
connected to the DSP at the ﬁrst stage of the data process-
ing routine of the WFC-L. The capacity of the SRAM for
the waveform data is 1.5 megabytes; thus, 750,000 points
of waveform data can be continuously stored. The on-
board software in the DSP begins to store the continuous
waveform data into the SRAM immediately after clearing
the FIFOs until the storage area of the SRAM becomes
full. These stored data are then transported to the ground
over dozens of seconds. The duration of the continuous
waveform depends on the output word rate of the ADCs
(125 kHz or 250 kHz) and the number of channels (1, 2 or
3) to be acquired. For example, if we measure only one
channel among X, Y1, and Y2, 750,000 points of wave-
form data are continuously stored in SRAM. In the same
way, 375,000 points/ch in the 2-channel mode and 250,000
points/ch in the 3-channel mode can be stored in SRAM.
The available duration of the continuous waveform data to
be stored in SRAM is shown in Table 2 as functions of the
output word rate of the ADCs and the number of channels.
In the packaging process of the data, we need to divide the
waveform data into hundreds of blocks. Therefore, we put
the information of the time counter (TI) of the satellite when
the FIFOs are cleared, the sequence number of the divided
block, and the positions of the status ﬂags of 1PPS and 50-
msec ticks in the header of the mission packets. We imple-
mented three additional functions as described below in the
onboard software to maximize our scientiﬁc output under
the restriction of the telemetry budget.
(1) Digital ﬁltering
One is a digital ﬁltering function inside the DSP. As de-
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Fig. 5. Frequency response of the decimation ﬁlter implemented in the
DSP for the WFC-L. Frequency is normalized by a word rate ( fs).
scribed in the previous section, the maximum frequency of
the WFC-L is 50 or 100 kHz by selecting the output word
rate of the ADCs at 125 kHz or 250 kHz. We implemented
optional digital ﬁlters in the DSP. The ﬁlter is an LPF with
its cutoff frequency of 1/4 fs and the decimation rate of 2.
The frequency response of the decimation ﬁlter is shown in
Fig. 5. In the ﬁgure, the frequency in the horizontal axis is
normalized by fs. This digital ﬁlter can be cascaded with
3 taps at most. When the fs of the ADC is set at 125 kHz,
for example, the maximum frequency of the waveform is
lowered to 25 kHz, 12.5 kHz, and 6.25 kHz, and the corre-
sponding duty ratio (the ratio of the observation duration to
the data transportation duration) can be raised by 2, 4, and
8 times, respectively.
The conceptual block diagram of the ﬁltering system is
shown in the upper part of Fig. 6. Selecting the number of
taps to be used for data processing in the DSP by command,
we can change the maximum frequency of the WFC-L. The
relation between duty ratio and the frequency coverage of
the WFC-L is shown in Table 3. In the table, we also show
the time resolution of the WFC-H corresponding to each
observation mode. Because the waveform observation is
more important in the lower frequency range from a scien-
tiﬁc point of view, it is essential to arrange the combina-
tion of the observation modes, an intermittent measurement
covering higher frequency range with lower duty ratio and a
semicontinuous measurement in the lower frequency range,
to achieve the maximum scientiﬁc output.
(2) Automatic ﬁlter selection
To utilize the digital ﬁlter function more effectively, we
deﬁned a new observation mode named “automatic ﬁlter se-
lection mode” to be realized by the onboard software. The
conceptual block diagram of the ﬁlter selection system is
shown in the lower part of Fig. 6. There are three kinds of
band-pass ﬁlter (BPF) constructed by a digital ﬁltering tech-
nique in the DSP software for the purpose of automatic se-
lection. These BPFs are designed with their passband range
of 25–50 kHz, 12.5–50 kHz, and 6.25–50 kHz, respectively,
when the output word rate fs of the ADCs equals 125 kHz.
These ﬁlters are available even at fs = 250 kHz, with their
passband range twice those at fs = 125 kHz (see Fig. 6).
In the automatic ﬁlter selection mode, the waveform data
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Fig. 6. A conceptual block diagram of the decimation ﬁlters and the automatic selection logic implemented in the onboard software for the WFC-L.
Table 3. A summary of the duty ratio of the WFC-L and the time resolution of the WFC-H in the nominal operation modes.
Bitrate No. of ch. Packet Duty ratio ∗∗[%] vs. maximum frequency of WFC-L t [s] of WFC-H
[kbps] ratio (∗∗without data compression)
(L:H) 100 kHz 50 kHz 25 kHz 12.5 kHz 6.25 kHz WAVE FFT
160 2 ch 8:2 1.28 2.56 5.12 10.2 20.5 2 0.5
(1 ch) (2.56) (5.12) (10.2) (20.5) (41.0) (1) (0.25)
80 1 ch 8:2 1.28 2.56 5.12 10.2 20.5 2 0.5
4 1 ch 0:10 — — — — — 8 2
stored in SRAM are once passed through these BPFs, and
the onboard software evaluates the maximum amplitudes or
the averaged powers of the output signals from these ﬁl-
ters to determine whether the waveform data in the higher
frequency ranges are necessary. If the amplitudes or pow-
ers of the output signals from these BPFs are all weak, for
example, the signal in only the lowest frequency range is
passed through, and the waveform data packed into the mis-
sion packet are decimated with 1/8 by the 3 taps of cas-
caded LPFs described in the previous paragraph. If any of
the output signals from these BPFs are intense, the onboard
software selects adequate taps of cascaded LPFs so as to in-
volve the waveform of the corresponding frequency range.
This technique makes it possible to downlink the signiﬁ-
cant waveform to the ground in a shorter time duration and
to capture a new series of waveform data with a higher duty
ratio. Because the threshold level for the decision at each
frequency range can be changed by command, it is desir-
able to use this operation mode, setting adequate threshold
levels after accumulating a certain amount of data and ana-
lyzing them on the ground after launch.
(3) Data compression function
The last technique implemented for the WFC-L is a data
compression algorithm. In the SS-520-2 rocket experiment,
a lossy compression method was adopted (Hashimoto et al.,
2003). In the SELENE mission, however, we adopt a range
coder that is one of lossless compression algorithms (Range
Encoder Homepage, 1999). This is because the frequency
range of the WFC-L onboard SELENE is much wider than
that of the SS-520-2 rocket experiment (100 kHz for the
SELENE spacecraft against 15 kHz for the SS-520-2), and
a real-time signal processing for 3 channels of waveform
data from the WFC-L as well as for 2 channels of the WFC-
H is needed with one DSP chip and a restricted work area
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Fig. 7. An example of the spectrum diagram of the WFC-H. The upper panel shows the data from X-channel and the lower panel shows the data from
Y-channel of the WFC-H. The logarithmic color scale of the intensity at each frequency point is given by the color bar at the right. The WFC-H
was operated with the WAVE mode from 19:30:00 to 19:37:00, and the FFT mode from 19:37:00 to 19:45:00. Calibration signals were fed to the
preampliﬁers by an external function generator at 10 kHz, 70 kHz, 100 kHz, 130 kHz, 200 kHz, 500 kHz, 700 kHz, and 1 MHz in that order, and in
reverse order for the WAVE and FFT modes, respectively.
(2 megabytes SRAM in total). The calculation load for
the lossy compression implemented in the SS-520-2 rocket
experiment was too heavy, and that of the range coder is
smaller; this method was suitable for the implementation of
the onboard software for the WFC-L. Furthermore, lossy
compression for a wide frequency range might have a bad
inﬂuence on the nature of the waveform in case several
kinds of wave phenomena are simultaneously observed. Al-
though the compression ratio of the raw wave data will be
∼75% at most, according to our estimation, we gave prior-
ity to precision of the waveform over the compression ratio.
5. Evaluation of the WFC
The function tests for all observation modes were suc-
cessfully performed, and the qualities of the data from both
the WFC-H and WFC-L were veriﬁed. In this section, we
brieﬂy introduce examples obtained by the function test.
Figure 7 shows an example of the spectrum diagram of
the WFC-H taken at Meisei Electric Co. Ltd. on April 11,
2006, for the purpose of calibration. The upper panel shows
data from the X-channel, and the lower panel shows data
from the Y-channel of the WFC-H. The logarithmic color
scale of the intensity at each frequency point is given by
the color bar at the right. The WFC-H was operated with
the WAVE mode from 19:30:00 to 19:37:00, and the FFT
mode from 19:37:00 to 19:45:00. Calibration signals were
fed to the preampliﬁers by an external function generator at
10 kHz, 70 kHz, 100 kHz, 130 kHz, 200 kHz, 500 kHz,
700 kHz, and 1 MHz, in that order, and in the reverse
-60
-40
-20
 0
 20
 40
 60
 80
 0  2  4  6  8  10  100  1000
Po
w
er
 [
dB
]
Frequency [kHz]
Wave mode
FFT mode
Fig. 8. A cross section of the spectrum taken by the WFC-H when fed
a calibration signal at 500 kHz. The red solid line and the blue dashed
line show the spectrum in the WAVE and FFT modes, respectively.
order for the WAVE and FFT modes, respectively. Figure 8
shows an example of the spectrum’s cross section when a
calibration signal was fed at 500 kHz. It was found that the
spectral features of the WAVE and FFT modes were in good
agreement with each other.
Figure 9 shows an example of a snapshot of the quick-
look system for the WFC-L taken at Meisei Electric Co.
Ltd. on the same date (April 11, 2006) as those shown in
Fig. 7. Three panels in the upper left side are the spec-
trum diagrams of the WFC-L-X, WFC-L-Y1, and WFC-L-
Y2, respectively, by processing the FFT analysis by ground
350 Y. KASAHARA et al.: PLASMA WAVE OBSERVATION USING WFC ON BOARD SELENE
Fig. 9. An example of a snapshot of the quick-look system for the WFC-L. Three panels in the upper left side are the spectrum diagrams of the
WFC-L-X, WFC-L-Y1, and WFC-L-Y2, respectively, by processing the FFT analysis using the ground support equipment. The logarithmic color
scale of the intensity at each frequency point is given by the color bar at the right end. The panel on the right at the bottom shows the instantaneous
waveform and cross section of the spectrum diagram corresponding to each channel. Three hundred points of waveforms are drawn in the waveform
diagrams; that is, the time scale of the waveform diagrams is 1.2 ms or 2.4 ms when the output word rate fs of the ADCs for the WFC-L equals
250 kHz or 125 kHz, respectively. In this instance, the WFC-L was operated in the 2-channel mode, taking the waveforms from the WFC-L-X and
WFC-L-Y1 (X and Y1 in CH are displayed in green and Y2 in blue) with fs =250 kHz (BAND is up to −100 kHz) setting the multiplexer of the
WFC-L-Y1 at the differential signal mode (Y1 is DF). A calibration signal at 10 kHz was fed to both of the WFC-L-X and WFC-L-Y1 channels by
an external function generator.
support equipment, using the mission packets of the WFC-
L. The logarithmic color scale of the intensity at each fre-
quency point is given by the color bar at the right end. This
quick-look system is used to brieﬂy check out the instru-
ments. These spectrum diagrams are drawn from left to
right repeatedly, and the right end of the color contour in
the diagrams show the drawing’s current position. The time
of the waveform is shown at the top line on the right side as
“Observed TI” with a 12-digit hexadecimal number (6505
5A03 B60A), which is the time counter of the satellite when
the FIFOs of WFC-L are cleared. “XX % Finished” repre-
sents the ratio of the already downlinked waveform data to
the stored waveform data in the SRAM. The time when the
mission packet was produced is shown at the top line on the
left side as “TI” with a 12-digit hexadecimal number (6505
5A03 B640). The universal time (UT) is also shown as “19
31 53”, which is the time when the mission packet was re-
ceived at the ground station. In the nominal operation after
launch, a conversion table between TI and UT will be deliv-
ered by the SELENE project team, and we need to convert
observed TI to UT for detailed data analysis. Three panels
on the right of the spectrum diagrams show an instantaneous
waveform of the current drawing in the spectrum diagrams
for WFC-L-X, WFC-L-Y1, and WFC-L-Y2, respectively.
A total of 300 points of waveforms are drawn in the wave-
form diagrams; that is, the time scale of the waveform dia-
grams is 1.2 ms or 2.4 ms when the output word rate fs of
the ADCs for WFC-L equals 250 kHz or 125 kHz, respec-
tively. In the same way, the three panels at the bottom show
the instantaneous cross sections of the spectrum diagrams
for WFC-L-X, WFC-L-Y1, and WFC-L-Y2, respectively.
There are many housekeeping (HK) status data, which
show the conditions of the instruments, and important HK
data related to the WFC are shown in the right side. At
this time, for example, the WFC-L was operated in the
2-channel mode, taking the waveforms from the WFC-L-
X and WFC-L-Y1 (X and Y1 in CH were displayed in
green and Y2 in blue) with fs = 250 kHz (BAND is up
to −100 kHz) setting the multiplexer of the WFC-L-Y1 at
the differential signal mode (Y1 is DF).
A calibration signal at 10 kHz was fed into both WFC-L-
X and WFC-L-Y1 channels by an external function gener-
ator, and the signals are clearly seen in both channels. Be-
cause the WFC-L-Y2 channel was turned off, the data for
this channel are not displayed. Clear peaks at 10 kHz in the
spectrum diagrams (upper left panels) and cross sections
(bottom panels) are visible. In addition, 12-cycle wave-
forms in the waveform diagrams (with their time scale of
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1.2 ms as described in the previous paragraph), which in-
dicate the 10 kHz signal, are visible. Although the data
quality is roughly shown by this quick-look system, we
evaluated it in more detail and conﬁrmed that the signal
level and signal-to-noise ratio are in satisfactory and that
the phase difference between the two channels is negligible
(∼0.5 μs).
6. Summary
We developed a high-performance and multifunctional
software receiver named WFC for the measurement of
plasma waves and radio emissions on board SELENE. To
perform spectral analysis with very high time and frequency
resolution covering a wide frequency range from 1 kHz to
1 MHz, a hybrid IC called PDC was introduced into the
WFC-H. For the lower frequency range below 100 kHz,
we developed an intelligent receiver named WFC-L to mea-
sure waveforms with high-duty ratio. New techniques such
as digital ﬁltering, automatic ﬁlter selection, and data com-
pression are additionally implemented on the onboard soft-
ware to extract important data adequately under the severe
restrictions on the total amount of telemetry data.
The basic data for the calibration were cautiously ob-
tained, and the function test for the instrument was also suc-
cessfully performed. Because of the ﬂexibility of the instru-
ments, various kinds of observation modes can be achieved,
and we expect the WFC to produce many interesting scien-
tiﬁc data.
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